Objectives: Deep brain stimulation (DBS) of the subthalamic nucleus (STN) improves motor symptoms in advanced Parkinson's disease. STN DBS may also affect emotion, possibly by impacting a parallel limbic cortico-striatal circuit. The objective of this study was to investigate changes in prefrontal cortical activity related to DBS during an emotion induction task.
INTRODUCTION
Deep brain stimulation (DBS) of the bilateral subthalamic nuclei (STN) is an effective and accepted treatment for advanced Parkinson's disease (PD) (1) . However, a growing body of evidence demonstrates clinically significant emotional disturbances following DBS surgery (2) . In addition to improving motor symptoms of Parkinson's disease, STN DBS may alter emotion processing, impairing emotion recognition (3) (4) (5) , altering emotion induction (6) (7) (8) , and affect mood and depression symptoms (9, 10) . STN DBS therefore presents an opportunity to investigate the role of the STN in emotion induction.
Changes in emotion processing may be explained by the perturbation of limbic circuits caused by STN DBS. The STN has specific sensorimotor, associative, and limbic substructures with indistinct boundaries (11) . Changes in STN local field potentials area observed during viewing of positive and negative stimuli and may correlate with valence (12, 13) . The STN limbic subdivision receives projections from anterior cingulate cortex (ACC), orbitofrontal cortex, nucleus accumbens, ventral pallidum, globus pallidus externus, and the ventral tegmental area and projects to substantia nigra, globus pallidus, and ventral tegmental area (14) , and as such is positioned to modulate limbic signaling.
STN DBS alters cortical activity in limbic regions. Decreased activity in ACC, middle frontal gyrus, insula, and superior temporal gyrus and increased activity in parahippocampal gyrus, posterior cingulate gyrus, and medial frontal gyrus were reported with STN DBS (15) . Impaired recognition of fearful facial expressions in PD patients correlated with decreased OFC activity during the resting state with DBS on (16) . To our knowledge, no study has directly examined DBS related changes in cortical activity specifically during an emotion task. The goal of our study was to determine whether STN DBS affects the prefrontal cortical representation of emotion induction. We hypothesized that STN DBS would alter prefrontal oxyhemoglobin changes during positive and negative emotion induction.
MATERIALS AND METHODS

Participants
Participants were recruited from a randomized controlled study of DBS in early PD (FDA Investigational Device Exemption G050016, ClinicalTrials.gov NCT00282152) and had been implanted with bilateral STN DBS (17) . Participants in this study had been treated with medication for between six months and four years at the time of the study and were classified as Hoehn and Yahr stage II off medication. The Vanderbilt Institutional Review Board approved our study (071210). Participants provided written informed consent. Participants were tested in the DBS on and off conditions (DBSon/DBSoff) and were on dopaminergic medication during testing.
Levodopa equivalent dose was calculated using the conversion L-dopa (mg) 1 (L-dopa 1 entacapone/tolcapone (mg)) 3 1.33 1 rotigotine (mg) 3 5 1 ropinirole (mg) 3 20 1 pramiprexole (mg) 3 67 1 cabergoline (mg) 3 67 1 pergolide (mg) 3 100 (18, 19) . For all patients in the study Unified Parkinson's Disease Rating Scale motor scores (UPDRS III) were obtained during a week long period of observation. Scores were taken at the beginning of the week in a stimulation-on and medication-on state and at the end of the week in the stimulation-off and medication-off state.
All patients underwent neuropsychological testing prior to inclusion in the DBS for early PD study, with evaluations including the Dementia Rating Scale-2 and the Beck Depression Inventory II (BDI-II). At the time of testing for the current study, the Wechsler Test of Adult Reading, the Wechsler Abbreviated Intelligence Scale, and the Profile of Mood States were also completed. The Profile of Mood States was obtained at each testing session to determine whether there was a difference in mood disturbance score prior to the emotion induction task in the different testing conditions.
DBS Surgery and Contact Location
Deep brain stimulation electrodes model 3389 (Medtronic Inc.) were bilaterally implanted using standard stereotactic methods and incorporating intraoperative microelectrode recording as previously described (20) .
Following surgery, CT scans were obtained on the same day to confirm electrode location. Postoperative CT scans were coregistered with preoperative MRI scans to localize electrodes. We subsequently identified the contact of stimulation being used after a period of clinical optimization. The location of active contacts in anterior commissure-posterior commissure space was tabulated.
Emotion Induction Task
A series of video clips was chosen from a database of video segments characterized for emotion induction properties (21) . We used video stimuli because film has been shown to be one of the most effective methods of emotion induction (22) . Participants viewed a series of eight emotional video clips at each session with four positive and four negative valence clips shown in random order. Emotional video clips were 1.6-4.6 min in length. There were two different blocks of videos so that subjects did not view the same set of videos in the two testing sessions. A 30 sec neutral valence video between consecutive emotional video clips served as a control. Because of constraints of the schedule of the early PD study that subjects were recruited from, we were unable to randomize the order of testing states. Patients were tested with DBS on and then again with DBS off 24 hours later, 30 min to 4 hours after DBS had been turned off.
NIRS
We used near infrared spectroscopy (NIRS) (22 channel Hitachi ETG-4000) to monitor changes in oxyhemoglobin (oxyHb) concentration during the emotion induction task. NIRS uses light in the near infrared spectrum to monitor changes in oxyHb levels and can detect cortical activity similar to the functional magnetic resonance imaging (fMRI) blood oxygenation level dependent response (23) . We chose to use NIRS because it is noninvasive, compatible with implanted electrodes, and has good motion tolerance for the tremor that is inevitable in testing patients with DBS turned off. NIRS has previously been used to demonstrate increased oxyHb in bilateral ventrolateral prefrontal cortex regions during negative and decreased oxyHb in left dorsolateral prefrontal cortex area during positive emotion induction (24) . Regions such as OFC involved in STN limbic circuitry are accessible to NIRS (25) .
Data Analysis
Raw data were processed using Matlab (MathWorks, Natick, MA, USA). Temporal downsampling from 10 to 1 Hz and data conversion to oxyHb, deoxyHb, and total hemoglobin levels using the modified Beer-Lambert Law, and normalization were first performed. Data were then converted into a format compatible with Brain Voyager QX (Brain Innovation, Maastricht). Linear drift correction and further statistical analyses were performed with Brain Voyager QX. The general linear moved was used to compare NIRS signals between DBS states. To determine the effect of DBS on baseline oxyHb, the signal during neutral stimuli for DBSoff was subtracted from that for DBSon. To determine the emotion induction specific effect, the signal during emotional relative to neutral stimuli during DBSoff was subtracted from this signal during DBSon, generating statistical parametric maps for the effect of DBS on oxyHb concentration during emotional stimuli. A false discovery rate set at 0.05 was utilized to correct for multiple comparisons.
RESULTS
Participants
There were seven participants, one woman, and six men. Demographic and clinical variables are presented in Table 1 .
Neuropsychological tests were within normal ranges (Table 1) . In particular, BDI-II scores fell within the minimal depression range of 0-13. The Profile of Mood States total mood disturbance score was 60.7 in the DBSon condition and 66.7 in the DBSoff condition (p 5 0.43, student's t-test), suggesting that there was no difference in mood state prior to emotion induction task in the different testing conditions (Table 1) . 
DBS Placement and Settings
All patients were stimulated at a rate of 130 Hz and with a pulse width of 60 msec. Table 2 
NIRS
In the resting state, DBSon did not cause significant changes in prefrontal oxyHb compared to DBSoff (Fig. 1a) . During emotion induction, STN stimulation was correlated with decreased frontopolar oxyHb concentration while viewing positive valence videos compared to the off stimulation state (p 5 0.034, Fig. 1b) . STN stimulation also altered oxyHb concentration during negative video viewing with decreased frontopolar and right lateral prefrontal cortex oxyHb concentration and increased bilateral inferior ventrolateral prefrontal cortex oxyHb concentration compared to DBSoff (p 5 0.031, Fig. 1c) . These findings suggest that STN DBS alters prefrontal activity specifically during emotional stimuli.
DISCUSSION
We show that STN stimulation alters prefrontal hemodynamics during an emotion induction task but not during emotionally neutral stimuli. These findings suggest that STN DBS alters limbic circuits and prefrontal activity specifically during emotion induction.
These findings support a role for the STN in limbic circuitry. The STN has sensorimotor, associative, and limbic subdivisions whose borders are not sharply demarcated (11) . The STN is a subcentimeter structure, and spread of current from contacts in the sensorimotor subdivision to the limbic subdivision may occur, resulting in changes in prefrontal cortical activity via modulation of limbic cortico-basal ganglia-thalamocortico circuits. The STN also has reciprocal direct projections with prefrontal cortex (26) which may be modulated by STN DBS and contribute to the changes in prefrontal activity seen during emotion induction.
Prefrontal cortex plays an important role in emotion processing (27, 28) . Prefrontal activity has a strong contribution to representation of induction of discrete positive and negative valence emotions (29) . NIRS has previously been used to demonstrate changes in prefrontal activity correlated with emotional responses to music (30) . The prefrontal cortex additionally contributes to emotional control and regulation (31) . The DBS dependent changes we observed in prefrontal activity during emotion induction may denote differences in primary representation of emotion related to differences in strength of emotion induction with DBS or alternatively may represent DBS related changes in emotional regulation.
In keeping with the changes in prefrontal activity we observed, clinical changes in mood states may occur after STN DBS. The observed changes are complex and heterogeneous. Both decreased intensity of negative emotion induction and greater mood and emotion induction have been reported with STN DBS (6) (7) (8) . Increased, decreased, and unchanged rates of depression have all been reported (7, 9, 10, 32, 33) . The heterogeneous effects of STN DBS on emotion may be related to different locations of contacts stimulated (11, 34, 35) . Interaction between medication and stimulation status may also contribute (36) . Due to limitations in time and study design we were unable to investigate the interaction between medication and stimulation state, for example by also testing patients in the medications off and stimulation on and off states. While our within subject comparison analysis helps (37) . An additional limitation of our study is the small sample size, and due to this we were unable to examine for the effect of time after surgery on the described findings. Overall, the effects of STN DBS on emotion are complex and heterogeneous, reflecting the complexity and poorly understood nature of emotions and emotion induction, but clearly exist. Our findings of altered prefrontal activity during an emotion induction task illustrate a physiological change during DBS specific to emotion induction that may contribute to some of these findings.
CONCLUSION
In this study, we show that STN stimulation is correlated with unique patterns of changes in prefrontal metabolism in PD patients during an emotion induction task. This finding has important implications for the changes in emotion recognition and experience reported in PD patients treated with STN DBS. Additional study may help to further describe the mechanism of these findings.
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COMMENT
STN stimulation for Parkinson's disease is so well established for its motor benefits that it is not as well recognized that there may be cognitive, emotional sequelae/side effects to the therapy. Studies like this that show that the therapy may induce changes, though in which direction may vary, are critical for future understanding of these effects. They are all the more important now as coupled with steering technology in the DBS leads it may be we could in the future could avoid them. 
